Cyanide is both widely available and easily accessible throughout the world. Although the compound is not frequently encountered, it has been used as a poison and contaminant in the past and is a potential terrorist agent. Cyanide has the ability to cause significant social disruption and demands special attention to public health preparedness. It can be obtained from a variety of sources, including industrial, medical, and even common household products. Another frequently encountered source of cyanide exposure is residential fires. Exposure to high concentrations of the chemical can result in death within seconds to minutes. Long-term effects from cyanide exposure can cause significant morbidity. The only treatment for cyanide toxicity approved for use in the United States is a kit consisting of amyl nitrite, sodium nitrite, and sodium thiosulfate. Future research aims to find a faster-acting, more effective, and better tolerated treatment for cyanide toxicity.
cyanide-also can be found in industrial settings. 3 Waste products from mining processes produce vast amounts of cyanide complexes. These chemicals are significantly less toxic than their salt counterparts; however, they pose a considerable risk to the environment due to accumulation. 4, 5 An additional form of cyanide is the chemical group referred to as nitriles; the most frequently encountered nitriles are acetonitrile and propionitrile. [6] [7] [8] [9] [10] [11] [12] These chemicals are commonly used in industry as solvents and in households as artificial nail and glue removers. They do not produce significant toxicity as parent compounds, but they are metabolized to cyanide in the liver. This metabolic process involves the cytochrome P450 2E1 isoenzyme, which converts the cyanohydrin metabolite into the actively toxic cyanide molecule. [13] [14] [15] People exposed to these organic cyanides experience delayed onset of signs and symptoms, as a latent period of several hours passes during which the toxin is transformed and liberated.
Another frequently encountered source of cyanide exposure is fire. Many synthetic polymers, such as nylon and plastics, may release hydrogen cyanide gas during combustion; hydrogen cyanide is also generated in the combustion of certain natural materials, including wool and silk. Any material that contains carbon and nitrogen may release cyanide during pyrolysis. 16 Victims of smoke inhalation are at risk for both cyanide toxicity and carbon monoxide effects. 17 Although the extent of carbon monoxide exposure does not necessarily correspond to a specific cyanide concentration, the likelihood of concurrent toxicity is significant, especially in house fires. Both carbon monoxide and cyanide cause hypoxic damage; their effects are additive and possibly synergistic. 18 Some studies even suggest that toxicity from cyanide is more contributory to death in some fire victims than carbon monoxide. 19 Early implementation of empiric treatment and management of probable cyanide exposure may be warranted in smoke inhalation victims who are hypoxic or unconscious.
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Cyanide poisoning also can result from iatrogenic sources. Each molecule of the potent antihypertensive nitroprusside can release up to five cyanide groups; toxicity may develop as cyanide accumulates. Caution is especially warranted when this agent is administered at high doses over an extended period of time. 25, 26 Laetrile was investigated as a chemotherapeutic drug and continues to be used in some countries, but it is banned by the Food and Drug Administration for use in the United States. It is the purified form of the natural cyanide compound, amygdalin. Amygdalin is a cyanogenic glucoside, a sugar compound with cyanide attached. When laetrile is given intravenously, it is mostly excreted unchanged in the urine, and cyanide toxicity is not a significant concern. However, when these products are ingested, the enzyme ␤-glucosidase in the gastrointestinal tract metabolizes amygdalin into hydrogen cyanide, resulting in toxicity. Many published case reports describe deaths after use of illegally acquired laetrile.
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Amygdalin can be found in food, although it rarely poses a risk of acute toxicity due to its very low concentrations. The most well-known food source of cyanide is the amygdalin in seeds and fruit pits from the Prunus species (e.g., apple seeds, chokecherries, bitter almonds, apricot pits). 30, 31 Of note, apricot pits and bitter almonds have the highest concentrations of amygdalin. Other relevant food sources include dietary staples such as lima beans and cassava. 32 Acute cyanide toxicity can occur from exposure to the wastewater from factories that process these foods.
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Toxic Dose and Onset of Toxicity
Cyanide is well known for its high degree of lethality. It is estimated that the lethal dose in adults is 50-200 mg. This potency is a product of cyanide's rapid diffusion into tissues and irreversible binding to target sites. It is the rapidity of action rather than the minuteness of a dose that makes cyanide lethal. In fact, the lethal dose of cyanide is actually relatively high when compared with other potential chemical weapons, such as botulinum toxin, ricin, and sarin. The form of cyanide significantly influences the toxic dose. 35 Intravenous and inhalational exposures to cyanide produce the most rapid onset of symptoms. Death can occur within seconds to minutes. Apparent toxicity from ingestion may be delayed for several minutes until significant concentrations have accumulated in the bloodstream. It may take several hours before manifestations are seen after a dermal exposure to intact skin. Significant delay in clinical presentation of toxicity from cyanogenic compounds that require metabolic activation, such as the nitriles and amygdalin, has been noted to occur.
Mechanism of Toxicity
The purported mechanisms of toxicity are fairly well supported by the literature; however, there are modes left to be discovered. Sulfane and cyanocobalamin reactions, which occur primarily within the liver, metabolize the low concentrations of cyanide encountered normally. The enzyme rhodanase catalyzes the conversion of cyanide to thiocyanate. Reactions between 3-mercaptopyruvate sulfurtransferase, thiosulfate reductase (in the liver), and cystathionase also may act to convert cyanide to thiocyanate. The body can detoxify about 0.017 mg of cyanide/ kilogram/minute. These enzymatic routes are highly effective, but they are insufficient for the large quantities of cyanide encountered in poisonings due to depletion of sulfur donors. In the acute poisoning situation, endogenous pathways of cyanide metabolism are rapidly overwhelmed and conjugate substrates are depleted, allowing for accumulation and progression of toxic effects. 36 Cyanide inhibits many metabolic processes, but its most notable toxic effects seem to originate from inhibition of the terminal enzyme in the respiratory chain. 36 The most commonly cited mechanism is binding of cytochrome oxidase within the mitochondria, resulting in abrupt cessation of cellular respiration ( Figure 1 ).
Cyanide has a high binding affinity for the ferric ion on the cytochrome a 3 portion of the enzyme. This effectively stops electron transport and inhibits oxidative phosphorylation. This inhibition in essence terminates the synthesis pathway of adenosine triphosphate. The mitochondria continue to be exposed to an adequate oxygen supply; however, there is impaired oxygen extraction and use. 37, 38 This disruption of aerobic metabolism leads to increased glycolysis by anaerobic pathways.
Acute Clinical Manifestations
Exposure to high concentrations of cyanide can result in death within seconds to minutes. In cases of more prolonged onset of toxicity, signs and symptoms reflect a progressive intracellular hypoxia. The hallmark presentation is hypoxia and acidosis. Cyanosis may occur as a later finding. Acute cyanide toxicity lacks characteristic symptoms, and the diagnosis often is missed in absence of a reasonable index of suspicion. The constellation of initial transient symptoms often mimics anxiety. The victim may complain of dizziness, headache, weakness, flushing, diaphoresis, dyspnea, hyperventilation, and hyperpnea. 39 Cyanogen chloride gas and Although cyanide historically is associated with a cherry red flush, the dramatic color alteration is more often a postmortem finding. However, a rapid indicator is visualization of equally red retinal arteries and veins. Poor oxygen extraction leads to abnormally increased oxygen in the venous supply and a more notable red color. 42 As cellular hypoxia worsens, victims experience loss of consciousness progressing to coma, with fixed dilated pupils, hemodynamic compromise, arrhythmias, seizures, apnea, cardiac arrest, and finally death.
The most prominent laboratory finding in cyanide toxicity is a metabolic acidosis with dramatically elevated lactate concentrations. The shift from aerobic to anaerobic metabolism ultimately results in marked production of lactate as a profound high anion gap acidosis ensues. Several reports indicate that lactate concentrations may be used as markers of severity of cyanide toxicity. 21, 43 Although these studies demonstrate impressive correlations, numerous processes in a critically ill patient contribute to elevations in lactate and may confound the clinical picture.
In the case of an unknown exposure, it is useful to check both venous and arterial blood gases for supranormal venous oxygen content or "arteriolization" of venous blood; these findings strongly indicate cyanide toxicity. 44, 45 As mitochondria cease to use the supplied oxygen, a disproportionate oxygen concentration builds up in the venous blood supply. Oxygen saturation measurements by pulse oximetry will remain high because the blood has good oxygen content; rather, the problem in cyanide toxicity lies in oxygen use and extraction. Of note, once therapy has been started to induce methemoglobinemia, pulse oximetry will depict a higher than actual oxygen concentration, as both oxyhemoglobin and methemoglobin deflect light at similar wavelengths. 46 64 Additional supportive therapies that address acidosis, hemodynamic compromise, and seizures should be employed as needed throughout the clinical course. Seizures resulting from cyanide poisoning may be refractory and require aggressive management. Hemodialysis has been advocated in some cases of cyanide toxicity; it would be particularly beneficial in the face of worsening acidosis and failing renal function, which would cause thiosulfate to accumulate and induce its own additional toxicity. 65 
Antidote Therapy
The cyanide antidote kit available in the United States contains three constituents: amyl nitrite, sodium nitrite, and sodium thiosulfate. The combination of nitrites and thiosulfate has been used in this country with relative success since the 1930s. [66] [67] [68] The differential diagnosis for acute cyanide poisoning is relatively small, and the antidote should be administered empirically. It is important to administer the antidote even when a patient' s condition appears fatal. 38 Early studies with the nitrite thiosulfate combination found that patients were responsive to therapy up to 2.5 hours after cyanide exposure. 66 Nitrites are used to induce methemoglobinemia. Amyl nitrite is administered by inhalation and generates approximately 5% methemoglobin. Sodium nitrite is given intravenously and increases methemoglobin by about 8-20%. 69 In children, the dosage of sodium nitrite should be adjusted based on hemoglobin levels. 70 Cyanide appears to bind preferentially to the ferric iron of methemoglobin, rather than to the ferric iron of the cytochrome in mitochondria. It is thought that an increased amount of cyanide will transfer to the extracellular space and be displaced from the cytochrome, enabling the mitochondria to reactivate electron transport. 66 It has been proposed that methemoglobin formation may not be the sole mechanism of action of nitrites. 71 Several studies have demonstrated that many agents with vasoactive properties, presumably via nitric oxide, also afford protection against cyanide toxicity. 72 They, in fact, may alleviate toxicity through a vasodilatory mechanism. Several other agents, including promethazine and chlorpromazine, also have beneficial effects by way of vasodilatory actions. 73 The nitrites do cause significant adverse effects, namely vasodilatation and hypotension. These effects can be problematic, especially if compounded by coingestants or preexisting medical conditions. Although methemoglobin is the desired end point of therapy, it may exacerbate the condition of certain patients, including those with poor cardiopulmonary reserve and those with concomitant carbon monoxide poisoning. It is recommended to avoid nitrites in smoke inhalation victims due to the risk of worsening the oxygen-carryingcapacity deficit. 74 The antidote for methemoglobinemia is methylene blue. This agent will counteract excess methemoglobin formation, but it may subsequently release bound cyanide. It is of interest that very high (oxidizing) doses of methylene blue were identified as an early antidote; this finding led to the development of the current regimen. 66 The third component of the cyanide antidote kit is sodium thiosulfate. This agent enhances clearance of cyanide by acting as a sulfhydryl donor. Thiosulfate reversibly combines with cyanide in the extracellular space to form the minimally toxic and renally excreted thiocyanate. It also may augment mitochondrial sulfurtransferase reactions. The effectiveness of sodium thiosulfate as an antidote is limited by its delay to onset of action, short half-life, and small volume of distribution. However, in smoke inhalation with a suspected cyanide component, sodium thiosulfate can be administered without nitrite therapy. 74 In contrast to its counterparts, the nitrites, sodium thiosulfate has very few adverse effects. The only significant adverse reaction is the rare hypersensitivity reaction and infusion ratedependent hypotension. However, chronic exposure to thiocyanates can cause toxicity because thiocyanates and cyanide exist in equilibrium. The effects seen from acute treatment of cyanide exposure are virtually nonexistent, but they should be kept in mind. It is important to note that thiocyanate toxicity may be pronounced in renal insufficiency, but it is dialyzable. 66 
Investigational and Non-U.S.-Approved Antidotes and Prophylaxis
Different antidotes are available in other countries, and some novel antidotes are under investigation (Table 1) . 75 66 Because cyanide inhibits numerous enzyme systems, many potential mechanisms of detoxification have yet to be exploited. Exogenous administration of enzymes or substrates normally involved in cyanide metabolism and detoxification may prove beneficial. 92 A few investigations report treatments such as carrier erythrocytes containing rhodanase and thiosulfate to reverse cyanide toxicity.
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Conclusion
Cyanide is widely available throughout the world and may be harmful to humans in the settings of poisoning, suicide attempts, occupational hazards, fires, or as a chemical weapon. Medical facilities are urged to maintain an adequate antidote store to respond rapidly to cyanide exposures. The mainstay of treatment in the United States is decontamination, oxygen, and a combination of nitrites and thiosulfate. Future research efforts should be directed toward finding faster acting, more effective, and better tolerated treatments for cyanide toxicity. 
